Long-term potentiation (LTP) is a synaptic process frequently proposed as a candidate mechanism underlying memory (Bliss and Collingridge, 1993) . Under the correct conditions (which in almost all cases means during coincident activation of pre-and postsynaptic neurons), within a matter of seconds, the gain of synaptic transmission will increase and remain elevated for a period of hours to weeks. The rapidity of induction and longevity of expression characteristic of LTP coincide with the two prime temporal characteristics required of a memory mechanism. More direct support for the theory that LTP is a learning mechanism has come from experimental evidence that could link spatial memory to LTP (Davies et al., 1992) . However, the problem that haunts LTP research (and indeed any other paradigm involving artificial stimulation) is that, while it demonstrates that synapses can behave in a given way, it does not demonstrate that they naturally do behave in that way. In particular, electrical stimulation is likely to produce a pattern of synaptic activation that natural stimuli would never produce: electrical stimuli produce more synchronous activation of inputs than natural stimuli, and inappropriate combinations of inputs are probably recruited, including the likelihood of activating fibers antidromically. In addition, inhibitory postsynaptic potentials appear to be activated powerfully by electrical stimuli, whereas the successful activation of a cell by a natural stimulus is partly dependent on its avoidance of inhibitory postsynpatic potentials. Despite these problems, several workers have sought evidence linking LTP to naturally occurring plasticity. In two recently published studies, correlative evidence has been found linking LTP to critical period plasticity in the primary somatosensory cortex (Crair and Malenka, 1995) and the primary visual cortex (Kirkwood et al., 1995) .
Critical Period Plasticity
Plasticity can be induced in sensory neocortex by simple manipulations of the natural sensory input. In the case of barrel cortex, plasticity can be induced by vibrissae deprivation, while monocular deprivation has a similar effect in the visual cortex. Both somatosensory and visual cortices show critical periods for the induction of plasticity early in postnatal life (Woolsey and Wan, 1976; Olsen and Freeman, 1980) . In the case of the visual cortex, the critical period can be delayed by dark-rearing (Cynader and Mitchell, 1980) . The new evidence presented by Crair and Malenka and Kirkwood et al. indicates that LTP also exhibits a critical period at particular synaptic locations within the cortex and therefore shares a common attribute with experience-dependent forms of plasticity. In approximate terms, the critical periods for LTP are similar, although not identical, to those for manipulations of the natural sensory input (see Figure 1A ).
Minireview

Plasticity in Somatosensory Cortex
Crair and Malenka have studied plasticity at the thalamocortical synapse in layer IV using the thalamocortical slice preparation developed by Agmon and Connors (1991) . They found that, by pairing direct depolarization of the layer IV neurons with stimulation of the thalamic afferent at 1 Hz, they could induce LTP that lasted for the remainder of the recording session (about 50 min). This type of plasticity was dependent on postsynaptic depolarization, N-methyI-D-aspartate receptor (NMDAR) activation, and increases in postsynaptic calcium. Furthermore, like structural plasticity of thalamocortical afferents in layer IV (Schlaggar et al., 1993) , it was dependent on the age of the cortex and occurred during the first, but not the second, postnatal week.
Figu re 1A shows the critical periods for structural plasticity of thalamocortical afferents and LTP in layer IV. Structural plasticity is maximum during the first 4 postnatal days, which is when the barrels are forming in the cortex (Rice and Van der Loos, 1977) . It has been shown that structural plasticity of thalamocortical afferents is dependent on postsynaptic activation via glutamate receptors in the cortex (Schlaggar et al., 1993) . The critical period for LTP appears to be delayed by about 3 days relative to that for structural plasticity at the thalamocortical synapse, suggesting a mismatch. However, the critical period for LTP ends several weeks earlier in somatosensory cortex than in visual cortex, which is consistent with the fact that the critical period for experience-dependent plasticity occurs several weeks earlier in somatosensory cortex compared with visual cortex ( Figure 1A ). Any mismatch in critical periods is therefore of the order of days rather than weeks. Unfortunately, no test was made for LTP earlier than postnatal day 3 (P3) (Crair and Malenka, 1995) , which is when structural and experience-dependent plasticity is greatest in layer IV of rat somatosensory cortex (Fox, 1992; Schlaggar et al., 1993) .
The critical period for receptive field plasticity of the layer IV neurons in SI is similar to that of the thalamocortical axons and is maximum between PO and P4 (Fox, 1992) . However, the critical period for receptive field plasticity in layer IV extends beyond that of the thalamocortical afferents (Fox, 1992) . Presumably, this is because responses of layer IV neurons are dependent upon intracortical inputs in addition to thalamocortical inputs, and intracorticai inputs have a longer critical period. In conclusion, LTP appears to be present at about the same time as early plasticity events in layer IV, but the end of the critical period for LTP does not appear to determine the end of the critical period for plasticity. The critical period for LTP at the thalamocortical synapse could conceivably decrease, but could not end, plasticity in layer IV of barrel cortex.
In an additional correlation, Crair and Malenka show that the synaptic properties of the NMDAR change during the same time period as the other plasticity phenomena. In particular, the ratio of NMDA/AMPA currents in the evoked EPSCs decreases with age, and the kinetics of the NMDAR become faster ( Figure 1B ). Both effects decrease the (Schlaggar et al., 1993) . The ratio of the C/D row area is plotted. The critical period for LTP at the thalamocortical synapse (Crair and Malenka, 1995) occurs over a similar time period but appears delayed by about 3 days (leftmost green line). However, the critical period for LTP in SI is complete several weeks before the critical periods observed in visual cortex. The critical period for ocular dominance plasticity in response to monocular deprivation (Fagiolini et al., 1994) occurs between the second and fifth postnatal weeks in rats (blue line). The ipsilaterat index is plotted for three ages and measures the degree to which the open ipsilateral eye dominates cortical responses. The data points are plotted as the age at which the 9 or 10 day deprivation was started. The falling phase of the critical period for ocular dominance plasticity is correlated with the critical period for LTP (Kirkwood et al., 1995) evoked by white matter stimulation (rightmost green line). In each case, LTP has been plotted as a percentage of the average maxi mum potentiation at each age (the maxima were 100% on P3 for somatosensory cortex and 30% on P14-P21 for visual cortex). (B) NMDAR kinetics change during development in layer IV of rat cortex. In SI, the NMDA currents decay more rapidly at P7 than at P3 (Crair and Malenka, 1995) . The average time constant of the exponential used to fit the isolated NMDA EPSCs is plotted against the age of the animals (purple line). In visual cortex, the percentage of the total NMDA current that can be described by a slowly decaying exponential decreases between the first and fifth postnatal week (Carmignoto and Vicini, 1992) . The change in NMDAR kinetics in somatosensory cortex occurs in advance of that in layer IV of visual cortex, which is consistent with the earlier critical periods for SI than for VI. amount of postsynaptic current carried by the NMDAR as a percentage of the total synaptic current. A similar result had been obtained in an earlier study of N M D A R currents in layer IV of visual cortex (Carmignoto and Vicini, 1992) : beginning at about the end of the first postnatal week, the proportion of the longer-duration component of the N M D A R current (with a time constant of around 300 ms) decreased until the adult values (of about 100 ms) were obtained at the end of the fourth postnatal week. Similar estimates of the time constant for N M D A currents were obtained in layer IV of the somatosensory cortex during development, although the switch to adult values occurs earlier in somatosensory cortex than in visual cortex (Crair and Malenka, 1995) , consistent with somatosensory cortex developing earlier than visual cortex ( Figure 1B ).
Plasticity in Visual Cortex
In a study of LTP in light-and dark-reared rats, Kirkwood et al, (1995) have demonstrated that LTP exhibits a critical period in the visual cortex that correlates with the falling phase of the critical period for ocular dominance plasticity (Fagiolini et al., 1994) . LTP was evoked in layer III neurons by 6 burst stimulation of the white matter. Potentiation could be induced in the absence of 7-aminobutyric acid (GABA) antagonists. This form of stimulation evoked an average 30% potentiation of the evoked potential at 2-3 weeks of age, but no significant change in slices taken from rats beyond 5 weeks.
Perhaps the most remarkable observation in this study was the finding that LTP could be preserved beyond its normal critical period by dark-rearing. It is known that darkrearing delays the critical period for monocular deprivation in cats (Cynader and Mitchell, 1980) . The result supports the theory that LTP is necessary for ocular dominance plasticity; had LTP not been present in dark-reared animals, it would have been impossible to claim that LTP is the mechanism of ocular dominance plasticity. In the event, LTP was present so the theory survives this test.
The evidence for the existence of a critical period for LTP in visual cortex is not without qualification. First, the critical period was apparent only in the absence of GABA antagonists. Adding bicuculline to the perfusate allowed LTP to be evoked from the white matter in older animals. This implies a role for GABAergic mechanisms in controlling the critical period for LTP. Furthermore, LTP could be evoked in layer III of older animals in the absence of GABA blockers if the location of stimulation was removed to layer IV instead of the white matter. This result suggests that the GABAergic neurons that limit LTP are activated by white matter stimulation but not by layer IV stimulation.
Based on these observations, Kirkwood et al. suggest that the development of layer IV inhibition effectively ends LTP in layer IV of light-reared animals. This hypothesis leads to the prediction that dark-rearing, which extends the critical period, should lead to an alteration of GABAmediated inhibition. Although there is some evidence that the number of symmetrical synapses decreases in layer IV of dark-reared rats (Gabbott and Stewart, 1987 ), this appears to be part of a general affect of dark-rearing on decreasing total synapse number. Dark-rearing has little or no effect on GABAergic cell density, GABAA receptors (Mower et al., 1988) , or functional effectiveness of inhibition in vivo (Tsumoto and Freeman, 1987) , and glutamic acid decarboxylase mRNA is caused to increase rather than decrease in dark-reared animals (Neve and Bear, 1989) . In conclusion, it is far from clear that dark-rearing allows LTP by limiting inhibition.
One factor implicated in plasticity that is affected by dark-rearing, however, is the NMDAR. Animals reared in the dark show longer-duration NMDAR currents, like younger animals but unlike age-matched light-reared animals (Carmignoto and Vicini, 1992) . This could explain the observation that visually evoked NMDAR-mediated responses are down-regulated by rearing animals in the light (Fox et al., 1991) . Changes in NMDAR kinetics appear to be correlated with the normal critical periods in somatosensory and visual cortex and with the extended critical period in dark-reared animals (see Figure 1) . Conclusions While several questions remain in the interpretation of the results of Crair and Malenka and Kirkwood et al., some conclusions can be drawn. First, LTP clearly shows a critical period in the cortex. LTP occurs at some synapses and not at others, confirming the general result from work on experience-dependent plasticity that some synapses in the cortex are more plastic than others, and that some synapses remain plastic longer during development than others. In particular, both studies point to a limiting role for layer IV in plasticity: the barrel cortex study rather directly, since an identified pathway was stimulated, and the visual cortex study indirectly, since a difference was found between the effect of white matter stimulation versus layer IV stimulation. Second, while it is true that causal relationships can never be shown by correlating factors, an astonishing number of coincidences appear to occur during development of layer IV, including changes in NMDAR kinetics, changes in the fraction of the response generated by the NMDAR as well as the existence of a critical period for experience-dependent plasticity and now a critical period for LTP (see Figure 1) . Finally, it is probably important to bear in mind that ocular dominance plasticity and vibrissae dominance plasticity are not only dependent on mechanisms that produce potentiation of the spared sensory input but are also dependent on mechanisms that cause depression of the deprived sensory input (see Fox and Daw, 1993) . Sensory deprivation causes a decrease in sensory responses to stimulation of the deprived input and deterioration of the corresponding axons, including a reduction in the number of branches and the size of synaptic boutons (Antonini and Stryker, 1994; Friedlander et al., 1991) . While elucidation of the mechanisms involved in potentiating synapses will clearly be important for our understanding of cortical plasticity, future studies will also need to target the mechanisms underlying synaptic depression if we are to complete the picture. August25,1995 
